An unstable allele of the bronze 2 (bz2) locus was isolated from a Robertson's Mutator Zea mays line containing a family of active transposable Mu elements. This mutation is somatically unstable, resulting in numerous revertant purple sectors on a bronze kernel. By following the variegated kernel phenotype through two generations, several lineages have been identified that have a distorted transmission of the mutant phenotype (fewer variegated kernels are produced than expected). Southern blot analysis ofMu elements in these plants demonstrates a correlation between an inhibition of digestion of Mu elements by certain restriction enzymes and the loss of somatic reversion at the mutant allele. The DNA modification can occur in all the Mu elements in a plant within one generation; however, plants have been identified that contain both modified and unmodified elements, suggesting that the modification can occur in a progressive manner. We hypothesize that the DNA modification results in nonfunctional elements.
The Mutator system of maize (Zea mays) was identified by D. S. Robertson as a line of maize with an abnormally high spontaneous mutation rate (1) . New mutant alleles are readily recovered from Mutator lines at a frequency of io-4 to 10-5, and many of these mutations have somatically unstable phenotypes characteristic of insertion elements (1) . A mutation in the alcohol dehydrogenase 1 (Adhl) gene was isolated from a Mutator stock and shown to contain an 41.4-kilobase (kb) DNA insertion (2) . This element, designated Mul, has terminal inverted repeats characteristic of a transposable element (3, 4) . Two size classes of elements homologous to Mul are observed in most Mutator lines; the =1.4-kb Mul size class and an 1.7-kb size class (4) termed Mul.7 (5) .
Other Mutator-induced mutations in Adhl, shrunken 1 (shl), bronze 1 (bzl), and anthocyaninless (al) have been analyzed and shown to contain elements very similar in sequence and structure to Mui (6) (7) (8) . This, in combination with an increased copy number ofMu]-homologous sequences in Mutator lines (9) , suggests that the Mul family of transposable elements is active in Mutator lines. It is not known whether Mul, Mul.7, or both encode transacting factors required for their transposition or if other elements or factors are required for their mobilization.
We describe here the initial characterization of a Mutatorinduced mutation of bronze 2 (bz2), a gene encoding one of the last steps in the anthocyanin pathway (10) . Plants have been identified that have a decreased transmission of the mutant variegated phenotype, and a molecular characterization of the Mu elements within these lines suggests that the elements are inactivated by extensive DNA modification.
MATERIALS AND METHODS
Maize Lines. The purple aleurone Mutator stock and the bz2 W23/K55 hybrid tester used in the isolation of the bz2-mul allele were obtained from D. S. Robertson (Iowa State University) and E. H. Coe (University of Missouri), respectively.
DNA Samples. The Mul plasmid, pMJ9, was obtained from J. Bennetzen (3) . The 650-base-pair (bp) Ava I/BstNI internal fragment of Mul was isolated and the termini were treated with T4 DNA polymerase in the presence of all four deoxyribonucleotides to remove the overhanging bases (11) . The insert was then subcloned in the Sma I site of pUC8 (12) . The Adhl cDNA clone pZmL84 (13) and the maize autonomously replicating sequence (ars) pZmA3111 (R. Berlani, R. Davis, and V.W., unpublished) were provided by E. Dennis and R. Berlani, respectively.
Maize DNA from leaves or immature cobs was purified by centrifugation in CsCl/ethidium bromide (14) or from individual 5-day etiolated seedlings (15) . DNA samples from leaves of plants C230-1 through C230-8 were provided by M.
Fromm.
Reagents. Restriction enzymes were obtained from Bethesda Research Laboratories and New England BioLabs. Radioactive nucleotides were from Amersham. Nitrocellulose was from Schleicher & Schuell and aminophenylthioether (APT)-paper was prepared by the method of Seed (16) .
Southern Blot Hybridizations. Maize DNA was digested for 2 hr with a 4-fold excess of restriction enzyme (buffers and temperatures according to suppliers' instructions), electrophoresed, and transferred to nitrocellulose membrane (17) or APT-paper (16) as indicated in figure legends. Unincorporated nucleotides were removed from nick-translated probes (18) by spin dialysis (19) through Bio-Gel P-10 (Bio-Rad) equilibrated in 10 During the following summer, variegated progeny from both ears were planted and again selfed and testcrossed. Table 1 lists the segregation data for eight progeny from the testcross ear. Plants 4 through 8 yielded progeny segregating the mutant phenotype in the expected ratios. However, plants 1, 2, and 3 did not. Plant 230-1 showed a highly significant deviation (P < 0.0005) from the 1:1 ratio of spotted:bronze kernels expected in crosses with the bz2 stock, when used as either female or male. A significant deviation was also observed in the selfed ear (P = 0.04). Plant 230-3 showed highly significant deviation in the selfed ear (P < 0.0005) but normal segregation in both crosses with the bz2 stock. Only one cross was obtained with 230-2, but the number of spotted progeny was again much lower than expected (P < 0.0005). A similar loss of somatic instability was also observed in progeny from the original selfed ear (data not shown).
We have demonstrated that a segregation distortion phenomenon is not operating and the chromosome containing the bz2-mul allele is transmitted normally. The homologous chromosomes containing the bz2 tester and bz2-mul alleles can be distinguished by HindIII restriction fragment length polymorphisms near Adhl located approximately 20 map units from the Bz2 locus. If chromosome 1 is segregating normally, half of the progeny from the 230-1 testcross ear should be heterozygous and half homozygous for the bz2 chromosome. Half ofthe individuals from the 230-3 selfed ear should be heterozygous, one-quarter homozygous for the chromosome containing the bz2 allele, and one-quarter homozygous for the chromosome with the bz2-mul allele. Eight bronze progeny from the 230-1 testcross ear were examined; three were heterozygous and five were homozygous for the AdhM allele linked to bz2 (xy value is 0.5, P = 0.46). Five spotted progeny from the same ear were examined; all were heterozygous for both chromosomes as predicted. Nine progeny from the 230-3 selfed ear were examined; five were heterozygous, three were homozygous for the AdMl allele linked to bz2, and one was homozygous for the Adhi allele linked to bz2-mul (x2 value is 1.25, P = 0.32). All the 230-3 progeny exhibited the bronze phenotype, yet 6/9 contained at least one copy ofthe chromosome containing the bz2-mul allele. These results suggested that the bz2-mul allele had lost the ability to revert during somatic growth.
Molecular Analysis of Mutator Elements in the bz2-mul Lineage. To examine the Mu elements in plants showing the distorted transmission of the mutant phenotype, DNA samples from the eight plants listed in Table 1 , plus their progeny, were digested with the restriction enzyme Hinfl and analyzed Fig. 1 . *P is the probability, calculated from the x2 test, that the deviation observed could be due to chance alone. If P < 0.05, the deviation is considered significant; P < 0.0005 is highly significant.
tThe number of progeny with completely modified elements or with both modified and unmodified elements is combined.
All spotted kernels with modified elements also contained unmodified elements. Fig. 1B, blot iii) . In contrast, all of the 52 progeny examined from ears with a decreased transmission of the mutable phenotype contained Mu elements with an altered restriction pattern (Table 1) . In some instances, the alteration occurred to all the elements within one plant generation (compare the parent plant in blot i, lane 3, with its progeny in blot iv) and in both selfed and testcrossed progeny (compare lanes iS and iT in blot iii). We have observed Mu elements with the altered restriction pattern in DNA prepared from leaves, etiolated seedlings, and immature ears, suggesting it is not a tissue-specific phenomenon (data not shown).
The Fig. lA) . DNA that yielded the normal Hinfl restriction pattern also showed the predicted size fragments with all the other enzymes tested (Fig. 2) . This suggests that all the elements in a Mutator line are very similar in sequence. In the lines showing an altered Hinfl digestion pattern, the Bgl I and Mlu I digestions also resulted in larger fragments. In contrast, Tthlll-I and Taq I digestions produce the expected restriction fragments in all samples, demonstrating that the Mu elements were intact and had not undergone rearrangement (Fig. 2) . These results strongly suggest that some form of DNA modification has occurred to the Mu elements that prevents the Hinft, Mlu I, and Bgl I endonucleases from digesting the elements, but the Tthlll-I and Taq I endonucleases are not sensitive to the modification.
The most common type of modified nucleoside in plant DNA is 5-methyldeoxycytosine (21) . In maize, approximately 25% of the deoxycytosine residues are methylated (22) , primarily at CpG and CpNpG sites. There is no published information on the effect of 5-methyldeoxycytosine on Mlu I and Tthlll-I cleavage. Bgl I activity is sensitive to 5-methyldeoxycytosine residues at its restriction site (23) . Taq I activity is unaffected by 5-methyldeoxycytosine, and there are conflicting reports on the sensitivity ofHinft activity (23, 24) . Both are inhibited by adenosine methylation (23 Restriction endonuclease mapping of altered elements. DNA samples were digested with the indicated enzymes, electrophoresed through a 1% agarose gel, transferred to nitrocellulose, and hybridized as described in the legend of Fig. 1. Lanes a, c, Cla II and Ava II both recognize the sequence GG(A or T)CC, but Ava II will not cut when the most 3' deoxycytosine nucleotide is methylated (23) . No information is available in the literature on the effect of5-methyldeoxycytosine residues on Cla II activity. However, the three major fragments predicted from the Mul restriction map are observed when unmodified'DNA (digested to completion with Hinfl) is digested with Cla II (Fig. 3A, lane a) . The Ava II (Fig. 3A , lane b) digestion resulted in a partial restriction pattern, suggesting that many of the GG(A or T)CC sites within the Mu elements are methylated.
When the modified DNA (Hinfl inhibition) sample was examined in a similar manner, neither Cla II nor Ava II digestion yielded the predicted restriction pattern (Fig. 3A,  lanes c and d) . Instead, two major bands are observed between 400 and 500 bp, with both enzymes. The abundance of these two fragments suggests that the same sites are modified in most if not all ofthe Mu elements, and neither Cla II nor Ava II will cleave them.
To ascertain if digestion was complete the Mul probe was removed from the blot and the DNA on the filter was rehybridized with a repetitive maize nuclear DNA clone (pZmA3111). The maize'ars (ref. 25 ; R. Berlani, R. W. Davis, and V.W., unpublished data) serves as a convenient hybridization control because there are -10,000 copies of this sequence dispersed in the maize genome, and its copy number and restriction pattern are highly conserved among individual plants within a particular line and between different lines of maize (C. Rivin, C. Cullis, and V.W., unpublished data). Examination of the maize ars established that' digestion was complete in all four lanes. Similar results were observed at the Adhl gene. These control experiments detected no gross DNA modification in the maize genome.
The enzymes that digest the modified elements to completion have a temperature optimum of 650C. However, neither heating the DNA at 650C for several hours prior to digestion at 370C nor prior treatment ofthe DNA with proteinase K and phenol caused the modified DNA to be more accessible to Hinfl digestion, although it was completely digested with Tth1ll-I, Taq I, and BstEII. 
DISCUSSION
We describe here the alteration in the activity of an element in the Robertson's Mutator transposable element system. The transmission of a mutable phenotype has been followed through several generations, and we have identified lines that do not segregate the mutant phenotype in the expected ratios although the chromosome containing the mutant allele is transmitted normally. Far fewer spotted kernels were observed than expected, suggesting that in many of the progeny the element inserted into the bz2-mul allele has lost its ability to promote somatic reversion.
Southern blot analyses of these inactive bz2-mul lineages revealed that the Mu elements were modified such that most, but not all, restriction enzymes fail to digest the elements. The (1986) 1771 that reported here for Bz2 (20) . Because probes are available for the Bzl gene (26) , it will be possible to explore the structure and modification of the insertional element and flanking DNA at this locus directly.
We observe the loss of somatic reversion at bz2-mul in both outcrossed and selfed progeny, and in both cases modified elements are associated with the loss of activity. Robertson has documented the loss of high forward mutation rate after outcrossing (1) and interbreeding of Mutator lines (27) . Recent experiments using the restriction endonuclease isoschizomers EcoRII/BstNI suggest that deoxycytosine modification of the internal EcoRII site in Mu elements correlates with the loss of forward mutation rate in the highly interbred lines (28) . Using the same enzymes, we observe a similar modification at the EcoRII sites in our lines that have lost somatic reversion at bz-mul (unpublished data). Not all Mutator losses may result from modification. For instance, if the total copy number of Mu elements becomes too low, the forward mutation rate may be decreased. If the modification of elements results in a lack of function, then modification is another way of decreasing the copy number of "active" elements. Forward mutation rate presumably reflects the activity and transposition of many elements within a plant, whereas somatic reversion reflects the activity of one element at a particular allele during somatic growth. Further experiments will be required to determine the relationship between loss of somatic reversion and forward mutation rate and whether the modification observed in both cases is identical.
The DNA modification observed in this study is not reversible by heat, proteinase K digestion, or phenol extraction. The modification may be deoxycytosine methylation, since most of the enzymes that digest the modified elements are known to cut methylated DNA (Taq I, BstEII, BstNI). Enzymes known to be sensitive to deoxycytosine methylation (Msp I, Hpa II, EcoRII, Bgl I, Ava II) fail to cleave the modified elements. The well-characterized isoschizomers Msp I/Hpa II failed to distinguish the "unmodified" and '"modified" DNA samples from plants segregating the mutant phenotype in the expected or decreased ratios. Most of the other enzymes tested (Hinfl, Mlu I, Bgl I, EcoRII, Ava II, and Cla II) showed a differential inhibition and failed to digest the Mu elements in plants with a decreased segregation of the mutant phenotype.
DNA modification has also been observed in another transposable element system of maize. A correlation has been reported between modification of Ac elements and the lack of Ac activity (P. Chomet and S. Dellaporta, personal communication) . This modification was demonstrated by using restriction endonucleases affected by 5-methyldeoxycytosine residues and can be interpreted as deoxycytosine methylation.
Modification of transposable elements may alter their activities in a heritable but potentially reversible manner, and it serves as one mechanism for regulating a potentially deleterious activity in a cell. Modification may also be one explanation for the "changes of state and phase" described by McClintock in her studies of the maize controlling elements Ac and Spm (29). Metastable changes in the somatic reversion of mutable alleles, including the production of pseudonull phenotypes, were termed changes in "state" or "phase" because of their high frequency and tendency to revert, or cycle in subsequent generations. Further experiments with Robertson's Mutator as well as other maize transposable elements should establish how general the mechanism of DNA modification may be for the regulation of the activities of transposable elements.
